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Planar laser-induced fluorescen®&LIF) measurements were made to determine two-dimensional
spatial maps of Cf-density as an indicator of chemical uniformity in 92% B, and 50% GFg/

O, chamber-cleaning plasmas at pressures between 13@@amTor) and 133.3 Pg1000

mTorr. Measurements were also made of broadband optical emission and of discharge current,
voltage and power. All measurements were made in a Gaseous Electronics Conference Reference
Cell, a capacitively coupled, parallel-plate platform designed to facilitate comparison of results
among laboratories. The GRPLIF and emission results were found to correlate with discharge
current and voltage measurements. Together, these optical and electrical measurements provide
insight into the optimization of chamber-cleaning processes and reactors, suggest new methods of
monitoring plasma uniformity, and identify important spatial effects which should be included in
computer simulations. [S0734-210099)02602-0

[. INTRODUCTION Changes in the plasma power and plasma impedance were
correlated to changes in etch ratésoptical emission
During the plasma-enhanced chemical vapor depositiointensities>™ and the destruction efficiency of feed gaSes.
(PECVD) of Si, SiG, and SiN, films, deposition occurs not  Visually observed changes in the spatial uniformity of cham-
only on the substrate as desired, but also on all interior reager cleaning plasmas were also reported and correlated with
tor surfaces. If not removed, these films accumulate, flake offlasma impedanceput plasma spatial uniformity was not
and cause critical particulate problems during the PECVDQthe major subject of that work. The spatial uniformity of
process. PerfluorocarboiPFQ plasmas, which are exten- chamber-cleaning plasmas, and in particular the spatial dis-
sively used in the semiconductor industry for etching of Si tribution of chemical species within the plasma, are impor-
SiO, and SgN,4, are used as an efficiem situ method for  tant subjects that merit more detailed, quantitative study.
removing these films from reactor surfaces. To be feasible In this study, the spatial uniformity of CF, and
for commercial use, chamber cleaning must be rapid an®,/C,F; chamber-cleaning plasmas as a function of pres-
efficient and must minimize the emission of PFCs, whichsure, gas mixture and power was characterized using two
contribute to the greenhouse effécthese requirements be- optical techniques: planar laser induced fluorescéRt4F)
come even more important as industry increasingly adoptand optical emission. Using PLIF, the two-dimensiofzdD)
processes in which cleaning procedures are performed aftepatial density of the CFradical was monitored. The GF
each depositioA.To obtain optimal results, the applied rf radical is an important species in the chemical reactions that
power must be efficiently transferred to plasma electronsgontrol the concentration of the fluorine radiéakhich is
since collisions involving energetic electrons produce thebelieved to be the active chemical etchfts such, Ck is
chemically reactive species necessary for chamber cleaning.useful marker of chemical uniformity in the plasma. Two-
Also, the spatial distribution of the chemically reactive spe-dimensional broadband optical emission measurements pro-
cies in the plasma should be tailored so that the species awided complementary information, indicating where in the
readily transported to surfaces which are most in need oflasma excited species are formed. Measurements of dis-
cleaning. Studies of the power absorption mechanisms ancharge electrical characteristics were also performed. Corre-
spatial uniformity of chamber-cleaning plasmas are thereforéations between the PLIF, emission, and electrical measure-
of critical interest, since the information and understandingnents were observed. These correlations help explain the
provided by such studies could improve chamber-cleanin@bserved variations in plasma uniformity, identify important
processes and equipment. spatial effects which should be included in computer simu-
In previous studies of NFAr, CF,/O,, and GF4/O, lations, and suggest new methods of monitoring and optimiz-
chamber-cleaning plasmas, power losses in rf circtiitry ing chamber-cleaning plasmas.
and theé mechanisms of power absorption within the
dischargé have been investigated. In those studies, th
power delivered to the plasma and the electrical impedanﬁ - EXPERIMENT
of the plasma were identified as important parameters. Experiments were conducted in a Gaseous Electronics
Conference (GEC) Reference Reactdrt® The reactor,
dElectronic mail: kristen.steffens@nist.gov shown in Fig. 1a), is a parallel-plate, capacitively coupled
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probé? were attached. An identical current probe was
current probe imaged mounted on the short, solid copper wire that grounds the
region 256 nm upper electrode to the exterior of the cell. Phase errors
Nd:YAG caused by propagation delays in the lines connecting the
laser beam probes to the oscilloscope were measured and accounted for,
within an error of=1°. The measurement accuracy of cur-
rent and voltage magnitudes is limited by the oscilloscope,
which is rated at+3%. Using the probes and procedures
described previously? the stray impedance of the cell was
l:ﬁglrtas::gﬁi characterized. This characterization allows us to convert the
current and voltage wave forms at the measurement points
voltage probe {SHUNE] ﬁi&}&"ﬂﬁfﬁ@% into the current and voltage wave forms at the electrodes
current probe, camera themselves. It also allows us to obtain the plasma impedance
and the plasma power, which is the power delivered to the
’;3:,‘,’{;’ [|Mmatching discharge itself, excluding all external power losses.
Measurements were made in 92%,8P» and 50% GFg/

b) O, chamber-cleaning plasma&Percentages indicate mole

1cco) [ camera fming percent) Both gas mixtures were studied at pressures vary-

controller electronics ing from 13.3 to 133.3 PALO0O—1000 mToprat 10 and 30 W

|ab°,a,°ry' NG-YAG of plasma power, corresponding to power densities of 0.12

computer (quadrupled) and 0.37 Wi/crh, respectively. These power densities are

| 266 nm comparable to industrial reactors operated at hundreds of
ge,;’ watts because of the larger size of industrial reactors and the
fact that external losses are usually not taken into account.
i . Measurements were also made in 75%,@F and 75%
N :}:ylindrical Ie"ns CF,/10% O,/Ar plasmas at 66.7 and 133.3 P00 and 1000
telescope mTorr and 10 W of plasma power. The total gas flow rate
was 9.5 sccm for CFO, and GFg/O,, 10.6 sccm for Cl/

Fic. 1. Experimental schemati¢a) Side view of GEC Reference Cell, OZ/Ar’ and 10.3 sccm for C‘FAr' For each condition, PLIF,

including diagram of electrical probes and PLIF detafts, Top view of ~ emission and electrical measurements were made.

GEC reference cell, illustrating PLIF detection. We performed PLIF to measure 2D CFelative spatial
density in the plasma as a chemical marker of plasma uni-
formity. The PLIF experimental apparatus is shown sche-

radio-frequency(rf) _discharge reactor with 10.2 cm diam, matically in Fig. 1b). The 266 nm laser beam from a qua-

water-cooled, aluminum electrodes spaced by 2.25 cm. Eadlpled Nd:YAG laser was expanded using cylindrical optics

electrode is surrounded by a ground shield. The lower eleGy, 5 vertical laser sheet approximately 2.5 cm tall and 0.5

trode is powered and the upper electrode and chamber afg, wick The laser sheet passes through the plasma, exciting

grounded. Gas flows are metered by mass flow controller§he CF, radicals from theX(0,1,0 ground electronic state to

\'/I'ol ?Tr]lsubref %OOdmm'r)i(r:ngt’hth? gats rﬂﬁfseshthml;gf\:varhmlxclin_gqe A(0,2,0 excited electronic state. The laser-excited, CF
olume before entering the reactor through a showernead g, o ccoq primarily to thex(0,0-20,0 states emitting

i
the upper electrode. Gases are then pumped in a radial(\l;/

: ght between 250 and 400 nm. The(0,8—20,0)
uniform manner through the bottom of the reactor. ReaCtO[—A(O,Z,O) fluorescence between 300 and 400 nm was col-

pressure is monitored with a capacitance manometer, used I|n ted at a right le to the direct f i fth
combination with a feedback control valve to maintain con-cc oo @t a right angle to the direction of propagation of the

stant pressure. The reactor is equipped with quartz window@S€" béam, using an intensified charge-coupled device
for optical access. (ICCD) camera with a 105 mni/4.5 ultraviolet lens. Col-
The lower electrode was powered by a 13.56 MHz powePre_d glass filters were used to reduce broadbanq plasma
supply, coupled through a matching network equipped Withemlss]on and to block the 266 nm scattered laser light. For
an internal blocking capacitor. A shunt circfitconsisting ~ €ach image, 1000 laser shots were averaged. In PLIF, only
of a coil and an air-variable capacitor, was connected pethe CF, in the plane of the laser sheet is excited and detected,
tween the power lead and the chamber ground. At 13.56uUch that the image is not line-of-sight integrated. The spatial
MHz, the shunt has a net inductive impedance that cancekgsolution was determined by the 5.0 mm laser sheet thick-
the net capacitive reactance of the rest of the cell, therebpess and the 0.2 mr0.2 mm imaged dimensions of the
reducing the total current drawn by the cell and improvingcamera pixels.
the precision of current measuremeht©n the power lead Broadband, spontaneous plasma emission from multiple
just upstream of the shunt, a Pearson model 2877 currespecies between 300 and 400 nm was measured and sub-
probé? and a Phillips PM 8931 100:1 attenuating voltagetracted from the PLIF image. After each PLIF measurement,

a.))

scope

optical
filters
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an ICCD image of the broadband spontaneous plasma emifLIF intensity, ground electronic state population fractions
sion was acquired over the same total time as the PLIF imwere calculated using partition functions, treating,Gs a
age, but with the laser blocked. Because emission occumgrolate symmetric rotéf with molecular constants from
throughout the plasma, the emission image, unlike the PLIMathews?® and assuming that the rotational and vibrational
image, is a line-of-sight integrated measurement. After subtemperatures were equal. As the temperature increases, an
tracting the plasma emission, the PLIF images were normalncrease irv,=1 population is partially offset by a shift in
ized for spatial variations and drift in the laser intensity. Torotational population out of the probed rotational levels, re-
measure the vertical profile of laser intensity, a 5% reflectiorsulting in a 43% increase in the PLIF intensity for a tempera-
was split off from the main laser sheet and was directedure increase from 325 to 400 K. This must be kept in mind
through a cuvette containing a dilute solution of Rhodaminavhen comparing PLIF data from widely varying pressures or
6 G laser dye in methanol. The laser sheet caused the dye p®wers. For fixed experimental conditions, spatial variations
fluoresce with an intensity which was linearly proportional toin temperature are expected to be small. In a previous study,
the laser power, as verified using a laser power meter. A0 significant spatial variation in temperature was detected in
video CCD camera imaged the dye cuvette, simultaneouslHFs plasmas at 33.3 P&.In this study, temperature gradi-
with the PLIF measurements, recording the vertical profile ofeNts are expected to be similarly small, except perhaps at the
laser intensity. In addition, a uniform field correctidiwas highest pressures where highly localized behavior is ob-
applied to the images to normalize for any slight variationsserved. Therefore spatial variations in PLIF intensity are at-
in collection efficiency across the ICCD. tributed to changes in GRlensity rather than to temperature
The normalized PLIF intensity is directly proportional to ffects.
the electronic ground state density of £{lprovided certain
conditions are met. First, the GIPLIF signal must be linear
with laser power. This was found to be the case in thd!l- RESULTS & DISCUSSION
present experiments. Second, collisional quenching, which ig. PLIF results
the r-emoval of gxuted state species due to collisional qeex- Figures 2, 3, and 4 show 2D contour maps of, @Ensity
citation or reaction, must not affect the fluorescence yield.

. o . . ~as a function of pressure for three different plasma condi-
This was verified by measuring the fluorescence decay t'mﬁonS' 92% CH/O, at 10 W, 92% CE/O, at 30 W and 50%
for both gas mixtures over the pressure range used in thi ; 2 ' 2

s . .
o . . Fs/O, at 10 W, respectively. In each of the figures, three
study. In all cases, the fluorescence lifetime did not vary with i?feﬁrenzt regimes of bShavior)r;re observed. Firstgat low pres-

pressuye, anc was found fo be In excelont agreement Witllures of 13.3-26.7 PA00-200 mTor, the CFy density is
Ie pu tlr? te uo:?sce_nce ||_e_|l;r|1e_o _nts. ¢ e_tﬁon- . diffuse and is maximized near the outer edge of the elec-
clusion that quenching Is negligibie IS consistent with prévi~y g qeg - cjoser to the powered electrode. As pressure is in-

ous studie 1? and with quenching rate coefficienltg, in the creased, the GFdensity increases and shifts closer to the
literature which hav?_g)oeen measured fo5, © CF,,*® and (ol of the electrodes. At intermediate pressures of 53.3—
many other colliders! _ L ... 80.0 Pa(400-600 mTor, CF, at the center reaches its
Third, the Ck; rotational and vibrational population dis- 1ayimum density and is radially uniform across the elec-
tr.il:')ution must not vary with experimental conditions or po- ,o4e surface. As pressure increases still higher, thedeh-
sition. For GFg, CF,, and CR/O, at pressures of 6.7-13.3 iy decreases in the region near the electrode center, but
Pa and applied powers of 50-100 W, CF ang @Hational  pegins to increase in a localized region at the edge of the
temperatures of 325-400 K have been repoftédThe CR powered electrode. At the highest observed pressure of 133.3
vibrational temperature measured ipFg at 13.3 Pa and 100 pa (1000 mTory, the CF, density has contracted to a ring
W applied power was 42525 K, which agreed to within - around the powered electrode edge. The transitions between
experimental error with the measured Ciotational tem-  regimes are gradual and occur at lower pressures /O,
perature 400 K! Translational temperatures, which are be-than in CR/O,. For 92% CF/O,, the overall CE density at
lieved to be in equilibrium with CF rotational temperature 30 W in Fig. 3 is higher by about a factor of 2 than that at 10
due to its long chemical lifetim&>*have been obtained in w in Fig. 2. In 50% GF4/O, at 10 W, the overall CF
CF, plasmas by CFabsorption linewidth measuremefs’  density is lower than that in 92% GO, at 10 W by a factor
As the pressure increased from 3.33 to 23.3 Pa, the transl@hich ranges from 1.3 to 4.7, depending on pressure. For
tional temperature increased from 318 to 360 K. As the ap50% GF/O, at 30 W (not shown, the behavior is nearly
plied power increased from 25 to 150 W at 26.6 Pa, thedentical to the 10 W data in Fig. 4, except that overall,CF
translational temperature increased from 312 to 345 K. Simidensity is higher by roughly a factor of 2.
larly, in C,F an increase in CF rotational temperature from  To compare radial changes in £Hensity for all pres-
324 to 383 K was observed as the applied power increaseslres investigated, the GHensity was averaged axially and
from 50 to 100 W at 6.67 PZ. Based on these previous plotted versus radial position in Figs(a and §b). In 92%
studies, the temperatures for the experimental conditions i€F,/O, at 10 W in Fig. %a), the three pressure regimes
this study(pressures of 13.3—-133 Pa and plasma powers afbserved in Fig. 2 are visible. As pressure is increased from
10 and 30 W are estimated to be within the range 325—-40013.3 to 66.7 P4100—500 mTory, the Ck density increases
K. To determine the effect of temperature changes on that the radial center of the discharge and becomes more radi-
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Fic. 2. 92% CR/O, CF, PLIF contour maps at 10 W arn(d) 26.7 Pa(200 Fic. 3. 92% CR /O, CF, PLIF contour maps at 30 W ar(d) 26.7 Pa(200
mTorr), (b) 80.0 Pa(600 mTory, and(c) 133.3 Pa(1000 mTorj. Outlines mTorr), (b) 80.0 Pa(600 mTord, and(c) 133.3 Pa(1000 mTory. Outlines

of the upper(grounded and lower(powered electrodes are shown. Each of the upper(grounded and lower(powered electrodes are shown. Each
contour map displays half of the plasma, such that the left side of the mapontour map displays half of the plasma, such that the left side of the map
shows the plasma center and the right side shows the electrode edge. Ahows the plasma center and the right side shows the electrode edge. All
PLIF contour values in Figs. 2, 3, and 4 are normalized to the same intensit?LIF contour values in Figs. 2, 3 and 4 are normalized to the same intensity
scale(in arbitrary units. scale(in arbitrary unitg.

ally uniform. As pressure continues to increase up to 133.8ss pronounced than for ¢#©,, especially at 30 W.
Pa (1000 mTor), CF, density decreases at the radial center, Previously, Ck PLIF measurements in GFCF,/Ar, and
while it increases in a very localized radial region at theCF,/O,/Ar plasmas were made by McMilin and
electrode edge, where two peaks are observed. The inn@achariaht® For comparison to their work, measurements
peak occurs above the very edge of the electrode, while therere made at 66.7 and 133.3 P00 and 1000 mTojrin
outer peak is above the ground shield. For 5000, at  10% OG)/75% CR/Ar and 75% CR/Ar, both at 10 W. In
10 W, shown in Fig. B), radial uniformity is achieved at a 10% O,/75% CF/Ar at 10 W, we found that the GFspatial
lower pressure of about 40 RA00 mTory. Also, in Figure distribution was the same as for 92% £, at 10 W. Thus,
5b the high pressure collapse and peak at the electrode edtiee substitution of Ar for Cfr made very little difference in
is much more pronounced at 133.3(®800 mTorj thanitis CF, spatial uniformity, although the density of ¢€Rvas
for 92% CR/O, at 10 W in Fig. %a). For both CR/O, and  roughly a factor of 1.7 less in the Ar-containing mixture.
C,Fs/0,, radial profiles of Ck density at 30 W are similar to Because McMillin and Zacharidh only studied the
the 10 W data. O,-containing mixture at 66.7 P00 mTor), pressure de-
To observe the change in gBxial distribution with pres- pendence cannot be compared. Theip Gpatial distribution
sure, Fig. 5c) shows CFK density along the axial centerline at 66.7 Pa500 mTor) exhibited uniformity across most of
plotted versus axial position for 92% @B, at 10 W. C  the electrode surface, consistent with our results. For 75%
decreases noticeably at both the powered and grounded ele€F,/Ar, we found the same behavior shown in Figa)9of
trode. A decrease in GRdensity near the electrodes due to McMillin and Zachariah; the image-averaged Léensity
surface losses has been noted in other stfdi&s>1The de- increased with pressure throughout the range studied. No
crease at the powered electrode is less pronounced at tieellapse of the CHAr discharge was observed. A lowering
lowest pressures. For 92% @B, at 30 W, the axial profiles in plasma electron density due to electron attachment by
are very similar to Fig. &). For 50% GF4/O,, the axial highly electronegative gases is believed to play a major role
profiles are much flatter and the decrease at the electrodesiis the collaps€:® Thus, because GFAr discharges are less
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FiG. 4. 50% GF4/O, CF, PLIF contour maps at 10 W ar(d) 13.3 Pa(100
mTorr), (b) 53.3 Pa(400 mTor) and(c) 120.0 Pa900 mTor). Outlines of

the uppergrounded and lower(powered electrodes and ground shields are
shown. Each contour map displays half of the plasma, such that the left side
of the map shows the plasma center and the right side shows the electrode
edge. All PLIF contour values in Figs. 2, 3 and 4 are normalized to the same
intensity scaldin arbitrary units.

electronegative than £containing discharges, the collapse
of CF,/Ar discharges should occur at higher pressures, if it
occurs at all. Similarly, the collapse of 50%kg/O, dis-
charges is observed at pressures lower than 92%GoF
discharges, because the former is more electronegative. Ex-
tremely electronegative Ar/NFplasmas are observed to col-
lapse at even lower pressures.

The CFk, PLIF data provide insight into the relative clean-
ing rates at different cell surfaces. For example, one would
expect the etch rate at the center of the powered electrode to
be largest at intermediate pressures where thedeRsity at
R=0 and, presumably, the density of the active etchant spe-
cies atR=0 are maximized, as seen around 66.7 (P@0
mTorr) in Figs. 2b), 3(b), 4(b), and 5. In contrast, a&R=6
cm, a radial position far from the discharge center, the CF
density is maximized around 13.3-26.6 R&00-200

CF2 PLIF Intensity (Arb. Units) CF2 PLIF Intensity (Arb. Units)

CF2 PLIF Intensity (Arb. Units)

Sitj s <>
n (em) 2 182

,in O,/CF, and O, /C,Fg 521

mTprr), as shown in F'g- 6") and E(b) T_hus! th_e etch rate at Fic. 5. CF, PLIF radial and axial profiles versus pressu@: CF, PLIF
radially remote surfaces should be highest in the low presaveraged axially and plotted vs radial position for 92%, €F; at 10 W, (b)
sure regime. In the “collapsed plasma” regime observed atCF, PLIF averaged axially and plotted versus radial position for 50%

the highest pressures, one would expect a very nonuniforrfzFs/O2 at 10 W. In the radial plots, the center of the electrodes are at zero,
' he electrode edge is at 5.1 cm, and the outer edge of the ground shield is at

etch rat? V\,"th a strong peak "_it the edge of the pqwered ele .4 cm.(c) CF, PLIF vs axial position along the vertical centerline for 92%
tr.Ode- Similar types of behavior appear to occur in COMMETTE, /0, at 10 W. In the axial plot, the lowepowered electrode is at zero
cial reactor$, where chamber cleaning is often accomplishedand the uppetgrounded electrode is at 2.25 cm.
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by two steps: one at lower pressure to clean the outer regions
of the reactor, and one at somewhat higher pressure to clean
the showerhead and susceptor area.

The association of high PLIF intensity with high etch rate
assumes that in regions of high £#ensity the density of F,
believed to be the active etchant species, is also high. Al-
though certain reactiof’s® that produce Cfalso produce
F, one cannot assume that Lénd F densities will be per-
fectly correlated, because the plasma chemistry is quite com-

plex. For example, CFis consumed by O atoms to produce g 2
F atoms>® Nevertheless, at intermediate pressures where £ 2500 3700 -
high CF, density was observed by PLIF, high F emission § 15 e d
intensity has been observedAlso, previous studies of S1.0E-\ b.)
NF;/Ar, O,/CF,;, and Q/C,Fg chamber-cleaning plasmas ‘_3.0_5 2500 3700 4900 6100
in the GEC ceft and another reactbshowed that the etch £ 0o
% 0.

rates of silicon nitride and silicon dioxide at the center of the

powered electrode are highest at intermediate presgiites.

pressure at which maximum etch rate occurred increased

with decreasing electronegativity of the gas mixtureur- 20f :“Loo
2100

thermore, etch rates were correlated to optical emission and ¢
electrical parameters which will be shown below to be cor-
related to the PLIF results.

B. Emission results

radial position (cm)

Broadband plasma emission occurs from electron impact
dissociation ar_1d e_Iectronic e_xcitation _of molecules in therg 6. 9295 CE/0, emission contour maps at 30 W atal 26.7 Pa(200
plasma, resulting in electronically excited molecular frag-mTorn, (b) 80.0 Pa(600 mTor), and (c) 133.3 Pa(1000 mTorj. The
ments and atoms which subsequently emit. Thus, emissioglectrodes are not shown. The lowépowered electrode is at axial

: : : : position=0, and the uppefgrounded electrode is at axial positien2.25
measurements give different information than ,CPLIF cm. Each contour map displays half of the plasma, such that the left side of

measurements, which detect Cka its electronic ground the map shows the plasma center and the right side shows the electrode
state. The lifetimes of many of the created excited statedge. All emission contour values in Fig. 6 are normalized to the same

fragments are very short(61+3 ns (Ref. 14 for  intensity scalgin arbitrary units.
CF,[A 1B4(0,0,0)] and 26.Z1.8 ns (Ref. 34 for
CF(A 23" ,v’'=0) such that the fragments emit before they
have a chance to travel away from the region in which theystrongly with power but varied little with changing gas mix-
were created. Thus, the spatial distribution of the emissiorture, as will be shown below.
intensity indicates where reactive species, including, Gife Spatial changes in emission can be more readily observed
created in the plasma. Once £&mits and drops back down by looking at axial and radial profiles, as shown in Figs),7
to the ground electronic state, it lives long enotigfiin the  7(b), and 7c). In Fig. 7(a), emission along the axial center-
plasma to diffuse into other regions, where it can be detectelihe of the image(R=0) is plotted as a function of pressure
using PLIF. for 92% CR/O, at 30 W. Because emission is a “line-of-
Figure 6 shows contour maps of emission emitted in thesight” measurement, the observed emission comes not only
wavelength range of 300—400 nm for 92% /8P, at 30 W.  from the focal plane of the camera, but also from in front of
Emission occurs primarily near the powerddwer) elec- and behind the focal plane. Therefore, the emissioR=a,
trode and near the grounded electrode, with less emissioshown in Fig. Ta), is not necessarily from the radial center;
occurring in the bulk regions. The emission intensities nearather it includes contributions from all the radial positions
the grounded electrode and in the bulk of the plasma peak @long the line-of-sight. In the axial profiles, as in the emis-
intermediate pressures. The radial distribution of emissiorsion contour maps, most of the emission is observed to occur
near the powered electrode varies with pressure: at low presiear the groundedupped or powered(lower) electrodes.
sures[Fig. 6(a)] and high pressurdd=ig. 6(c)] it is highest The emission near either electrode initially increases with
near the edge of the powered electrode, but at intermediaf@essure, reaches a maximum at intermediate pressures and
pressuregFig. 6(b)] it is highest neaR=0. Similar radial then falls off.
variations were observed for 50%f/O, at 30 W. At 10 Figures Tb) and 7c) show emission versus radial dis-
W, the highest emission intensities were observed near th@nce. Because emission is primarily observed near the elec-
outer edge of the powered electrode for both gas mixturegodes, it is desirable to show the emission intensity near the
and all pressures. Overall emission intensity increasedpper electrode and that near the grounded electrode inde-
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pendently. Thus, emission was averaged separately over the
axial distancegroughly 0.5 cm near each electrode where
emission peaked. The emission near the grounded electrode
is shown in Fig. o) for 92% CR/O, at 30 W. Because the
emission is a “line-of-sight” measurement, it can be difficult

to draw conclusions about the spatial distribution of the
emission; however, qualitative conclusions can be drawn us-
ing general arguments. Emission generated uniformly over a
“disk-like” region will result in a radial profile with a maxi-
mum at the axial centerline. Emission generated from a
“ring-like” region should have a radial profile maximized
near the electrode edges with a minimum at the axial center-
line. At 26.7 Pa(200 mToryp, the emission appears “ring-
like,” while above 26.7 Pa, the emission appears to be
o “disk-like.” At 120.0 and 133.3 P4900 and 1000 mToyy

25 o7 the emission has begun to decrease, corresponding to the
beginning of the collapse of the plasma, but the “disk-like”
distribution is maintained. Similar behavior is observed for
the other conditions investigated, although the emission be-
gins to decrease at around 66.6(B&0 mTor) for the GFg/

O, mixtures.

Figure 7c) shows the emission near the powered elec-
trode versus radial distance for 92% /0B, at 30 W. At low
pressures, the emission occurs in a “ring-like” distribution
near the electrode edge. As pressure increases, the emission
becomes more uniform and “disk-like” across the electrode
surface until the plasma begins to collapse at around 120.0—
133.3 PA900-1000 mTonx At this point, the emission near
the center of the electrode decreases with pressure, and a
double peak at the electrode edge becomes quite prominent.
As with the emission near the grounded electrode, similar
behavior is observed for both gas mixtures and both powers,
except that the collapse is observed at lower pressures in the
C,Fe/O, mixtures.

In a prior study, F atom and Ar atom emission intensities
were measured in GFO,/Ar, C,Fs/O,/Ar and NFR;/Ar plas-
mas at pressures between 6.7 and 266.6 (F&2000
mTorn.® Although experimental differences prevent direct
comparison of the pressures at which maxima in emission
were observed, their results are consistent with this study.
Under most conditions the emission intensities were maxi-
mized at intermediate pressures: 106.7(B@0 mTory for
CF4/O,/Ar and 73.3 Pa550 mTor)p for C,Fg/O,/Ar. In an-
other study, measurements of F atom and Ar atom emission
intensities in Nk/Ar plasmas were found to be directly pro-
portional to the etch rates of silicon nitride and silicon diox-
ide at the center of the powered electrddeis suggests that
the relative cleaning rates at different cell surfaces may be
correlated to the spatially resolved optical emission measure-
ments presented here.

[ [/ ]]]]]

Emission Intensity (Arb. Units)

b.)

Emission Intensity (Arb. Units)

Emission Intensity (Arb. Units)

Fic. 7. Broadband emission axial and radial profiles vs pressure for 92%

CF, /0, at 30 W.(a) Emission intensity vs axial position along the vertical C. Electrical results and comparisons

centerline. In the axial plot, the lowépowered electrode is at zero and the

upper (grounded electrode is at 2.25 crib) Emission intensity averaged In a previous StUdﬁ,the intensity of the atomic fluorine
over an axial distance near the upggrounded electrode and plotted vs  gnd argon optical emission from Wr, CF4/02/AI’ and
radial position.(c) Emission intensity averaged over an axial distance nearCZFG/OZ/Ar chamber-cleaning plasmas was found to corre-

the lower (powered electrode and plotted vs radial position. In the radial . . .
plots, the center of the electrodes are at zero, the electrode edge is at 5.1 c‘ﬁ,te with several electrical parameters, and pOSSIbIe eXpIana'

and the outer edge of the ground shield is at 5.4 cm. tions were proposed to explain these correlations. The spa-
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Fic. 8. Ratio of the fundament&l3.56 MH2 amplitudes of the currents at
the grounded electrodd ) and the powered electrode,f) plotted vs
pressure.

tially resolved optical measurements presented above have
allowed us to further investigate such correlations. One parFic. 9. Current flow diagrams for three regimes of operation in the GEC
cell: (a) low pressure regime where current flows to the cell wals,

tICU|ar|y important electrical parameter identified in Ref. 5 is intermediate pressure regime where current flows primarily to the grounded

Il pe: the ratio of the fundamental amplitude of the (_:urrentelectrode, andc) high pressure regime, where current flows to ground
at the grounded electrode to the fundamental amplitude ohield around the powered electrode.

the current at the powered electrode. In Fig. 8, a plot of
l 4o/l pe VErsus pressure exhibits three different pressure re-
gimes which parallel the three pressure regimes apparent in Fig. 9(a) are less favored, and most of the currgptlows
the emission and GFPLIF measurements. First, there is ato the grounded electrode, as indicated by the maximum in
regime at low pressures wherg./l ¢ is small, which coin- 14/l in Fig. 8. Finally, in the high pressure regime where
cides with the pressures at which LCPLIF images show a the discharge collapses to a region very close to the edge of
broad maximum near the edge of the electrodes. In the sethe powered electrode, most of the current presumably takes
ond regime at intermediate pressurigg/l . peaks, reaching the very short path to the ground shield of the powered elec-
a maximum of about 0.8. This regime coincides with thetrode, as shown in Fig.(6).
pressure range at which radially uniform CPLIF images In this study, as in previous workthe behavior of the
were observed. Finally, in a third regime at high pressuresgurrent in Figs. 8 and 9 is further correlated to and explained
coinciding with the collapse of the plasma to a small ringby electrical impedance measurements. These are illustrated
near the edge of the powered electrotig/I . becomes in Figs. 1Ga) and 1@b), which plot the magnitude and phase
small again. of the impedance of the dischargg., as a function of pres-
One interpretation for thi,./1 ,c data is illustrated in Fig. sure. The impedancg,. is a combination of a resistive im-
9. The arrows shown in the figure represent the flow of rfpedance contributed by the plasma and a capacitive imped-
current through the plasma and can be considered streaamce contributed by the sheaths. At low pressures, the phase
lines of the total current at a single instant of time. Theof Z is strongly negative and its magnitude decreases with
current flowing into the plasma that does not flow to thepressure, indicating that the capacitive impedance of the
grounded electrode must flow to some other reactor surfaceheaths dominates the resistive impedance of the plasma.
None of the stream lines shown in the figure can terminatéJnder these conditions, rf current is able to flow widely
within the plasma, because the total current, which is thehrough the plasma, even into rather remote regions of dif-
sum of the displacement current and the conduction currenfuse plasma, as shown in Fig@ The current is restricted
has zero divergence. In the low pressure regime, depicted ionly from extremely remote regions where the local plasma
Fig. 9a), the current flows predominantly to the ground resistance, which increases as the plasma becomes more dif-
shields of both electrodes, and possibly out to the walls ofuse, becomes comparable to the local impedance of the
the vacuum chamber as well. At these low pressures, the Clsheath at adjacent grounded surfaces. In contrast, at high
PLIF, emission, and electrical characteristics of the chambeipressures, the phase &f, is near 0° and its magnitude in-
cleaning plasmas resemble those of discharges in electrareases with pressure, which indicates that the resistance of
positive gases like argon. Computer simulations of argon disthe plasma is dominant. The increase in plasma resistance
charges in the GEC cell show a distribution of currentwith pressure serves to restrict the flow of current to a
between the grounded surfaces which is quite similar to thasmaller and smaller volume, as shown in Figd)&nd 9c).
shown in Fig. a).%° In contrast, at intermediate pressures, The peak in ol pe SEEN In Fig. 8, which corresponds with the
illustrated in Fig. $b), the more remote current paths shown pattern of current flow seen in Fig(l9, occurs at pressures
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Fic. 10. Plots vs pressure for 92% £, and 50% GF4/O, at 10 and 30 E -
W: (&) magnitude andb) phase ofZ,., the impedance of the discharge, d :
defined asVy/l e whereV,, and I, are the fundamentall3.56 MH2 S x5 —
amplitudes of the voltage and current at the powered electrode. ol
&l
E -
or
zt
close to and slightly above the minimum #,., when the [ . : ' . . :
phase ofZ is between—30° and —40°. For either gas 0 20 40 60 80 100 120 140
mixture, when the plasma power is increased from 10 to 30 Pressure (Pa)

W, the overall plasma density rises, decreasing the overall

plasma resistance and shifting the impedance minimum anfe. 11. Plots vs pressure for 92% £B, and 50% GFs/O, at 10 and 30

the peak inl ge” e to higher pressures, as explained in moreW: (@) Ipcurrent flowing th_rough powered eIectrOdél_)) em|§S|on inten-

detail in Ref. 5. Because £4/O, mixtures are more elec- sity aver_aggd over the entire image, awil CF, PLIF mte_ns_lty averaged
. . over entire image. Iric) the GF;/O, data have been multiplied by a factor

tronegative than CffO,, the GF¢/O, plasmas will have o5 to appear on a common scale with the,&F; data. Within each plot of

lower plasma densities and higher plasma resistances thamission or Ck PLIF, the intensities have been normalized to the same

CF,/O, plasmas at any given pressure and plasma powe}r]tensity scaldin arbitrary unit$. The baseline indicates zero intensity.

Therefore, for GFg/O,, the impedance minimum and the

peak inlge/l . are shifted to lower pressures than for ,LF

0,.

Optical emission is also correlated with current flow, be-The correlations noted here are not perfect, perhaps because
cause the mechanisffishat heat electrons, making emission the electron heating mechanisms do not depend solely on the
possible, depend on the current density. Regardless of whiaturrent density; rather, they also depend on other variables,
mechanism is dominarfbhmic heating, stochastic heating, such as the local electron density and electron temperature,
or heating of secondary electronsgariations in the rf current which may vary independently with pressure.
density at a surface, or along a surface, should result in varia- The external electrical measurements do not provide any
tions in electron heating and concomitant variations in opti-information about how the current density is distributed
cal emission intensity. Consequently, the total currlgpt  across the electrode surfaces. Nevertheless, some inferences
plotted versus pressure in Fig. (&), displays a correlation can be made about the distribution of current density using
with the total emission intensity averaged over the entirghe optical emission data, since the emitting species are cre-
image, shown versus pressure in Fig(l1In addition, the ated in areas of high current density. At intermediate pres-
pressure dependence of the current at the grounded electrosieres, when the radial emission profiles at the grounded or
| ge» Shown in Fig. 12a), is correlated with the bulk emission powered electrode in Figs.() and 1c) are “disk-like,”
intensity (the emission intensity at a small area centered botleurrent should be fairly uniformly distributed across the elec-
axially and radially plotted versus pressure in Fig. (b2  trode surfaces, as depicted in FigbP In contrast, at lower
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0.50 F a.) e CF/0, 10W eter, since it should correlate with the etch rate at the center
: —— gF;/jgsfovzv of the electrodes, provided that the chemically reactive spe-
0.40F _.E_E CFd0,30 W cies responsible for the etching process is formed and trans-

ported in a manner similar to GFThe Ck PLIF at the

< 030 center line is best correlated to thg/l . data in Fig. 8 and
i) the impedance data in Fig. 10: the pressures at which peaks
0.20 occur in Fig. 12c) correspond to the pressures whegg/l ;e
- is maximized, where,. is minimized, and where the phase
010 of Z,. is between—30° and—40°. This suggests that mea-
- surement of the electrical parametégs/I .. or Z,. could be
0.00 ———— e of use in optimizing and monitoring chamber-cleaning pro-
5 [ b) cesses, especially those which are designed to clean the cen-
§ R tral portions of either electrode.
or
ol
sk IV. CONCLUSIONS
2 [ The results presented here provide insight into the
E!' chamber-cleaning process and help explain cleaning rates
f=d
>
<

:_ previously measured at the center of the powered
I electrode** Prior studies have indicated the importance of
! . . . . . changes in the power coupling efficiency with presstte

[ ¢c.) and of global changes in the mechanisms of power deposi-
tion in the plasma with pressurdn this work, spatially re-
[ solved optical measurements were used to investigate the
[ changes in the spatial uniformity of chamber-cleaning plas-
mas with pressure, power and gas mixture. The optical mea-
surements and accompanying electrical measurements help
explain the observed variations in plasma uniformity, iden-
tify important spatial effects which should be included in
computer simulations, and suggest new methods of monitor-
oy ing and optimizing chamber-cleaning plasmas.
20 40 60 80 100 120 140 In this work, three pressure regimes were identified. At
Pressure (Pa) low pressures, where rf current primarily flows to the ground
shields of both electrodes and possibly out to the vacuum
Fic. 12. Plots vs pressure for 92% (10, and 50% GF¢/O, at 10 and 30 chamber walls, the emission contour maps indicate that the
W: (@ lgdcurrent flowing through the grounded electrpdé) emission e ctive species are being primarily created in a thin “ring-
intensity averaged over a small region at the radial and axial centefcand . .
CF, PLIF averaged over the axial centerline.(l, the GFs/O, data have like” region near the edge of the powered electrode. At these
been multiplied by a factor of 5 to appear on a common scale with thdow pressures, the GRPLIF contour maps show that diffu-
CF, /0O, data. Within each plot of emission or €PLIF, the intensities have  sion of the long-lived Ck results in a diffuse “ring-like”
been normalized to the same intensity s¢alerbitrary units. The baseline  gistrilytion. In the intermediate pressure regime, most of the
indicates zero intensity.
current flows through the plasma to the grounded electrode.
In this regime, the emission shows that the creation of ex-
cited, reactive species is occurring in thin, radially-uniform,
or higher pressures, when the emission profiles are “ring~disk-like” regions near both electrodes. The PLIF results
like,” the current density should be more concentrated toshow that the CJ diffuses, resulting in a radially-uniform
ward the outer edge of the electrodes, as shown in Figs. 9 CF, distribution. In the high pressure regime, the discharge
and 9c). collapses, and the current flows directly to the ground shield
The total CE PLIF intensity averaged over the whole of the powered electrode. Here, the species creation prima-
image and the CFPLIF intensity averaged over the axial rily occurs in a “ring-like” region, closely confined near the
center line are shown in Figs. @} and 1Zc), respectively. edge of the powered electrode. The,Gfensity also prima-
The total PLIF is somewhat correlated to the total emissionrily remains in this region at these higher pressures, where
signal in Fig. 11b), presumably because the hot electronsdiffusion occurs more slowly.
that make emission possible are also responsible for the cre- Because reactive species are responsible for chamber
ation of Chk. In contrast, the PLIF at the center is not as well cleaning, understanding the behavior of the uniformity of the
correlated with emission at the cenféiig. 12b)]. CF, ob-  reactive species densities can aid in the optimization of
served at the radial center need not have been created at tbleamber-cleaning processes. In the intermediate pressure re-
center; it may have been created further out and then diffusegime, the cleaning rate at the center of the powered electrode
inward. The PLIF at the center line is an important param-is maximized* and the densities at the radial center are

Avg. CF, PLIF at Radial Center

o
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